Aqueous solutions of some water-soluble polymers have drawn considerable interest as they exhibit phase separation above the critical temperature (LCST). [1] [2] [3] [4] In such processes the polymer experiences great and reversible changes in its conformation and volume. Some typical examples of such polymers are poly(N-substituted acrylamide)s and poly(vinyl ether)s, which have amide or ether oxygen groups as hydrophilic moieties. In contrast to poly(ethylene oxide) (PEO) 5 and poly(propylene oxide) (PPO), 6 which usually have LCST values higher than 100˚C, poly(vinyl methyl ether) (PVME) has a lower critical separation temperature at a moderate temperature range around 35˚C which makes it suitable for industrial and medical applications such as actuators, 7 artificial muscles, 8 drug delivery systems, 9,10 and thermoresponsive surfaces. 11, 12 The phase behavior of water-soluble polymer in aqueous solution reflects the interactions between polymer segments and water molecule. 13 PVME has a hydrophilic ether group, which can stabilize the aqueous solution by forming hydrogen bonds, and a hydrophobic part, which can destabilize the solution by altering bulk water. The hydrophobic interaction increases monotonously during heating, which finally breaks the balance between the hydrogen bonding and hydrophobic interaction and induces the phase separation. Heskins and Guillet 14 explained the phase separation behavior of water-soluble polymer by Flory-Huggins lattice theory in terms of thermodynamics. To describe the different types of phase separation which have been experimentally discovered, Berghmans 15-18 introduced extensive concentration dependence as a cubic polynomial function to get a better fit of the experiment data. In this respect, three types have been defined, among these, PVME belongs to type III 17 which is characterized by a bimodal demixing curve. In this case, two critical points exist in the phase transition: one is equal to zero at θ temperature, the other is almost independent of the molecular mass. This result has been confirmed by other scientists. [19] [20] [21] [22] Maeda et al. 20 found that the phase separation of PVME proceeds in two successive steps by DSC, while Durme et al. 19 revealed that the initial stage of phase separation, above LCST, is followed by large compositional changes upon passing the temperature for the three-phase equilibrium.
Introduction
Aqueous solutions of some water-soluble polymers have drawn considerable interest as they exhibit phase separation above the critical temperature (LCST). [1] [2] [3] [4] In such processes the polymer experiences great and reversible changes in its conformation and volume. Some typical examples of such polymers are poly(N-substituted acrylamide)s and poly(vinyl ether)s, which have amide or ether oxygen groups as hydrophilic moieties. In contrast to poly(ethylene oxide) (PEO) 5 and poly(propylene oxide) (PPO), 6 which usually have LCST values higher than 100˚C, poly(vinyl methyl ether) (PVME) has a lower critical separation temperature at a moderate temperature range around 35˚C which makes it suitable for industrial and medical applications such as actuators, 7 artificial muscles, 8 drug delivery systems, 9, 10 and thermoresponsive surfaces. 11, 12 The phase behavior of water-soluble polymer in aqueous solution reflects the interactions between polymer segments and water molecule. 13 PVME has a hydrophilic ether group, which can stabilize the aqueous solution by forming hydrogen bonds, and a hydrophobic part, which can destabilize the solution by altering bulk water. The hydrophobic interaction increases monotonously during heating, which finally breaks the balance between the hydrogen bonding and hydrophobic interaction and induces the phase separation. Heskins and Guillet 14 explained the phase separation behavior of water-soluble polymer by Flory-Huggins lattice theory in terms of thermodynamics. To describe the different types of phase separation which have been experimentally discovered, Berghmans [15] [16] [17] [18] introduced extensive concentration dependence as a cubic polynomial function to get a better fit of the experiment data. In this respect, three types have been defined, among these, PVME belongs to type III 17 which is characterized by a bimodal demixing curve. In this case, two critical points exist in the phase transition: one is equal to zero at θ temperature, the other is almost independent of the molecular mass. This result has been confirmed by other scientists. [19] [20] [21] [22] Maeda et al. 20 found that the phase separation of PVME proceeds in two successive steps by DSC, while Durme et al. 19 revealed that the initial stage of phase separation, above LCST, is followed by large compositional changes upon passing the temperature for the three-phase equilibrium.
In order to control the phase separation temperature of PVME aqueous solution, many studies have been carried out on the systems of PVME aqueous solutions with different kinds of additives. Spevacek et al. investigated PVME/D2O system by NMR methods. [22] [23] [24] Schild et al. 13 have revealed that the LCST of PVME gradually increased with the increase of the concentration of methanol, while Horne et al. 25 have investigated the effects of electrolytes, urea and alcohols on the phase separation of PVME. Maeda et al. have examined the effects of inorganic 20 ions and tetraalkylammonium 26 ions on the LCST of PVME by IR and Raman spectroscopy. Durme et al. physical variable, such as time, 30 pressure, 31, 32 temperature, 33 concentration 34 or distance. In this research, we investigate 2D spectra of PVME aqueous solution under two external perturbations: temperature and the concentration of potassium chloride. Furthermore, 2D correlation spectroscopy can also probe the specific order of the variation of the spectral intensity of different molecular segments in the course of the external perturbation, which will help us to make clear the underlying mechanism of the phase separation of PVME aqueous solution. In addition, since the penetration depth of ATR-IR 35 beam into the sample varies generally over the range 0.5 -2.0 μm, the ATR technique is widely used to investigate the phase separation of aqueous solutions of some water-soluble polymer, 36, 37 such as PVME and PNIPAM. In the present study, the effect of ions on the phase separation behavior of PVME has been investigated by FTIR-ATR spectroscopy. The microcosmic conformational changes of PVME during the coil-globule transition are also studied by 2D correlation analysis which gives a new insight into the heatinduced transition of PVME aqueous solution.
Experimental
Materials PVME used in this study was obtained as a 50 wt% aqueous solution from Aldrich, its molecular weight was estimated by gel permeation chromatography to be 90000. Other inorganic salts were purchased from Feida Industry and Trade Co. in Shanghai, China. All materials were used without further purification. PVME solutions were agitated for 12 h below the LCST to equilibrate.
FTIR-ATR measurements
All ATR spectra were recorded at resolution of ca. 4 cm
with 32 scans on a Nexus Smart ARK FT-IR spectrometer (Nicolet) equipped with a DTGS-KBr detector and a zinc selenide trapezoidal IRE ATR crystal. All spectra were recorded by placing the solution directly on the IRE crystal. The time interval between two successive spectra is about 3 min.
Data treatment
The data treatment was performed using MATLAB, 2Dpocha, Omnic6.0 and Origin software.
In order to explain the effect of ions on the phase separation temperature of PVME more clearly, we defined a new concept of the phase separation temperature of PVME. The phase separation temperature of PVME had previously been defined as the cloud point of PVME; however, we defined it in another way in our experiment. First of all, a sigmoid fit was made to the data of peak area against temperature; then the derivative of the curve was gained and the peak was defined as the phase separation temperature of PVME. In a mathematical sense, this point means the highest slope point of the sigmoid curve; in a physical sense, it means the point when the phase separation speed is the fastest.
For the generalized 2D correlation analysis, the 2D correlation spectroscopy of PVME aqueous solution during heating and that with increase of concentration of potassium chloride were studied. Only the ATR spectra in certain wave numbers are selected, the 2D software used is a macro program named 2Dpocha written by Adachi (Kwansei Gakuin University). Compared with the 2D correlation spectrum that is shown in the center of the map, the time-averaged 1D reference spectrum is at the side and the top of the map. Eighteen spectra of PVME aqueous solution (5%) which are represented by different temperatures from 25 -42˚C were chosen for 2D correlation analysis.
Results and Discussion

1D-IR spectroscopic study
The ATR spectra of PVME aqueous solution in the CH stretching and C-O stretching region are shown in the temperature range of 25 -45˚C in Fig. 1 . Unfortunately, several spectra (those after phase separation) shown in Fig. 1 have absorbance values over 2.0 or even 3.0, which makes the quantitative evaluation of these spectra problematic, however, the qualitative description of these spectra should be valid. The two strong bands at ca. 2945 and 2831 cm -1 are attributed to antisymmetric methylene (νas(CH2)) and symmetric methyl (νs(CH3)) stretching modes, and the two small bands at ca. 2992 and 2880 cm -1 are assigned to the stretching modes of antisymmetric methyl (νas(CH3)) and symmetric methylene (νs(CH2)). The band at ca. 1190 cm -1 is assigned to the C-C skeletal vibration (ν(C-C)), while the very strong band at ca. 1072 cm -1 is assigned to the stretching modes of C-O (νs (C-O) ). In the ATR spectra, the phase separation of PVME aqueous solution began around 35˚C, and the following spectral changes can be found as a function of increasing temperature. The intensities of all the bands increase from 35˚C, among them, the νs(C-O) band increases dramatically, which results from the dehydration of ether group. The νs(CH3), νas(CH2) and νas(CH3)
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ANALYTICAL SCIENCES JULY 2007, VOL. 23 absorptions increase in intensity and shift to lower wavenumber by 15 cm -1 ; on the other hand, ν(C-O) absorption increases in intensity and shifts to higher wavenumber. This is induced by the dehydration of methyl groups. During the process of dehydration, the electron of oxygen atom (C-O group) which moved close to the hydrogen atom transfer back to the oxygen atom. The change of electron intensity on different atoms makes the CH stretching show red shifts and the C-O stretching show blue shifts, nevertheless, the νs(CH2) absorption increases in intensity at constant wavenumber.
The IR 26 wavenumbers and assignments of peaks observed in these spectra are compiled in Table 1 . The shift of bands can be explained by the dehydration of methyl groups in the side chain and by conformation changes of the main chain.
2D ATR FTIR correlation spectroscopy
To avoid the problem of too high absorbance values after the phase separation, we only use the spectra in the temperature range 25 -42˚C for the two dimensional correlation analysis. In this temperature range, the absorbance values for the C-C and C-O vibrations do not exceed 1.5 and therefore are well situated for the 2D correlation analysis. The quantitative data of C-H part are less reliable due to the relatively high absorbance values; however, the overall conclusion drawn from this work based on the sequence analysis of the 2D spectra should still be valid. Figure 2 shows (A) the synchronous and (B) the asynchronous 2D ATR spectra of PVME in the 3050 -2750 cm -1 range. Throughout this paper, the unshaded and shaded areas in the contour maps denote positive and negative correlation peaks, respectively. In this CH vibration region, the synchronous plot showed a very strong auto peak at 2945 cm -1 , a weak auto peak at 2831 cm -1 and two moderate cross peaks at 2945/2831 cm -1 . According to the interpretation rules of such signs by Noda, 28, 29 the positive crosspeaks at (ν1, ν2) in synchronous plot indicate that the intensities of ν1 and ν2 vary in the same direction. Thus, the positive crosspeak at 2945/2831 cm -1 implies that both 2945 and 2831 cm -1 increase during the phase separation behavior. The corresponding asynchronous plot in Fig. 2B indicates that the 2831 cm -1 peak split into two components at 2840 and 2821 cm -1 ; the former is hydrated, while the latter is dehydrated. According to the interpretation rules of such signs by Noda, 28, 29 in an asynchronous plot, if ν1 > ν2, (ν1, ν2) is positive (unshaded area), band ν1 will vary prior to band ν2, and if (ν1, ν2) is negative (shaded area), band ν1 will vary behind band ν2. Thus, the positive peak at 2840/2821 cm -1 indicates that the variation of spectral intensity at 2840 cm -1 (hydrated one) occurs earlier than that at 2821 cm -1 (dehydrated one). We also found a positive cross peak at 2945/2817 cm -1 and a negative cross peak at 2979/2945 cm -1 in Fig. 2B . According to the interpretation rules of such signs by Noda, the temperature-induced variation of spectral intensity at 2945 cm -1 (νas(CH2)) occurs earlier than that at 2821 cm -1 (νs(CH3)) and 2979 cm -1 (νas(CH3)). These results lead to the conclusion that the change of the conformation of the methylene group (main chain) occurs earlier than that of the methyl group (side chain).
The synchronous correlation spectra of PVME aqueous solution in the range of 1250 -1000 cm -1 are shown in Fig. 3A We focus our attention on the 2D correlation analysis of PVME in the C-C and C-O vibration region. Figure 3B shows the asynchronous plot for the same spectra region. The negative crosspeak at 1091/1199 cm -1 in Fig. 3B reveals that the structural change of C-C main chain occurs prior to that of the C-O group during the phase separation behavior of PVME. This result indicates that, during the coil-globule transition, the first step should be the conformation change of the main chain which is caused by the increase of the hydrophobic interaction during heating, then the main chain wraps the ether group that induces the great variation of the spectral intensities of C-O vibration.
In order to make clear the microcosmic conformational changes of PVME during heating, we compare the region corresponding to the CH stretching vibration and the C-C, C-O stretching vibration in Fig. 4 . Since it is the correlation analysis of different regions, this plot has only off-diagonal peaks. The presence of asynchronous peaks indicates that the intensity 825 ANALYTICAL SCIENCES JULY 2007, VOL. 23 Table 1 Observed IR frequencies and assignments of PVME responses of corresponding peaks occur at different rates. The two positive peaks at 2945/1091 and 2945/1190 cm -1 in Fig. 4B reveal that the conformation change-induced variations of spectral intensities occur earlier at 2945 cm -1 (νas(CH2)) than those at 1091 cm -1 (νs(C-O)) and 1190 cm -1 (ν(C-C)), while the two negative peaks at 2821/1091 and 2821/1190 cm -1 in Fig. 4B imply that the C-C and C-O vibration change prior to that of the methyl group (side chain) at 2821 cm -1 . Based on the results of the three plots, the microcosmic conformational changes of PVME during coil-globule transition are explained by 2D FT-IR correlation analysis. During the process of heating, the hydrophobic interaction of C-H main chain slowly increases until the PVME aqueous solution reaches the phase separation temperature. Then the balance between the hydrogen bonding and the hydrophobic interaction is broken, which induces the conformation change of the C-C main chain. In this process, the methyl group is gradually wrapped by the main chain and dehydrated, which explains the dramatic change of C-O vibration in the IR spectra.
Conclusion
In this contribution, ATR technique is used to investigate the phase separation process of PVME aqueous solution. The ATR spectra of PVME aqueous solution with different ions confirm that in water-PVME-inorganic salts system, the phase separation temperature of PVME aqueous solution decreases with the increase of ion concentration and the increase of anion electronegativity.
The corresponding 2D correlation spectra provide more information than 1D ATR spectra and show the sequence of microcosmic conformational changes of PVME during phase separation processes by heating. First, the CH group of main chain changed during heating process, inducing the change of C-C main chain. In this process, the conformation of main chain made "coil-globule" transition; then the ether group which had strong hydrogen bond with water below LCST now is wrapped by the hydrophobic CH group of main chain and dehydrated; thus, the vibration of ether group increased strongly; at last, the methyl group which is chemically bonded to the ether group deformed because of the change of ether group. Furthermore, 2D correlation spectra indicate that the internal phase transition mechanism itself is not altered by the presence of inorganic ions, although the phase transition temperature is shifted.
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